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Evaporation acts as an important component and a key control factor in land hydrological processes. In order to
analyze the trend of change on potential evapotranspiration from 1961 to 2013 and to discuss the existence of
the evaporation paradox in Jiangxi province, China, monthly meteorological data spanning the years 1961–2013
were analyzed in this study, where the data were collected from 15 national meteorological stations in Jiangxi
Province. The Penman–Monteith equation was employed to compute the potential evapotranspiration (ET0).
Spatial interpolation and data mining technology were used to analyze the spatial and temporal changes of ET0
and air temperature, with the effort to explain the evaporation paradox. By solving the total differential and the
partial derivatives coefﬁcients of the independent variables in Penman–Monteith equation, the cause of the
paradox was quantitatively evaluated. The results showed that the annual ET0 had been decreasing signiﬁcantly
in Jiangxi Province since 1979, whereas the air temperature had been rising signiﬁcantly, presenting the eva-
poration paradox. The decreases in sunshine duration and wind speed reduced ET0 by 0.207mm and 0.060mm,
respectively, accounting for 92.3% and 26.7% of the total ET0, respectively. It is concluded that sunshine duration
and wind speed are the main causes to the decrease in potential evapotranspiration in Jiangxi Province.
& 2016 International Research and Training Center on Erosion and Sedimentation and China Water and Power
Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Evapotranspiration is an important component of hydrologic cy-
cling processes and the energy ﬂow (Chahine, 1992). Abnormal eva-
poration acting on underlying surfaces is likely to cause extreme hy-
drological events (Trenberth, 1999). Existing research shows that the
temperature throughout China has increased by (0.0970.017) °C/10a
throughout the years 1960–2006 (Li et al., 2010). It is deduced that
temperature rise tends to increase both evaporation capacity and
evaporation amount. However, contradictory to the deduction, ET0 and
pan evaporation throughout China displayed trends of signiﬁcant de-
crease (Po0.01) (Liu, 2005). Existing research has provided qualitative
explanations to the causes of this evaporation paradox in various re-
gions, concluding that wind speed, daily range, sunshine duration and
total radiation are the major factors in the decreases of potential
evapotranspiration and pan evaporation throughout China (Liu, 2005).
In addition, meteorological causes to pan evaporation changes have
been quantitatively analyzed (Sun et al., 2010b). The evaporation ca-
pacity and energy can be effectively expressed by potential evapo-
transpiration. Depending on its scale, the change in evaporation ca-
pacity may cause variations in hydrological cycling systems. As a major
controlling factor within special hydrological periods, it may even in-
duce disastrous events such as drought and smog (Maarouf, Smith &
Alexander, 1998). Roderick and Farquhar (2002) published a paper in
Science deﬁning the inconsistence between the expected values and
the observed values of evaporation change as evaporation paradox.
Evaporation paradox has been veriﬁed by observation data from
around the world, especially in terms of India (Chattopadhyay &
Hulme, 1997), America (Quintana-Gomez, 1997), Italy (Moonen, Ercoli,
Mariotti & Masoni, 2002), Australian (Roderick & Farquhar, 2004), Ja-
pan (Asanuma & Kamimura, 2004), New Zealand (Roderick & Farqu-
har, 2005), Kingdom of Thailand (Tebakari, Yoshitani & Suvanpimol,
2005), and Canada (Burn & Hesch, 2007). Many experts who used
meteorological data to compute potential evapotranspiration found
that potential evapotranspiration tends to decrease. It is unclear
whether evaporation capacity change is the cause of recent droughts.
In addition, it is to be determined whether there exists contradictionChina 
Fig. 1. Location of the Jiangxi province of China. It is on the southern bank of the Yangtz
covering a total area of 166,900 km2.between the changing trends of temperature and evaporation capa-
city. Moreover, the meteorological factors that cause the change in
evaporation capacity need to be clariﬁed. The answers to these sci-
entiﬁc questions will greatly facilitate drought prevention and
management.2. Materials and methods
2.1. Outline of the area investigated
Jiangxi Province is located in the red earth hilly area of South China
(Fig. 1). The climate is subtropical monsoon-type climate with wet
summer and dry autumn. An annual average temperature of 11.6–
19.6 °C and an annual precipitation of 1637.9 mm, sufﬁcient total
water resources andmany projects onwater conservation (Sun, Zhang,
Chen & Chen, 2010a; Zheng, Fang, Yang, Xie & Chen, 2012). However,
seasonal drought occurred frequently in recent years and the ﬁrst
drought warning was released in 2011 (Wu, 2011). The precipitation
was gradually decreases at the end of the main ﬂood season in
summer and autumn, during which evaporation becomes the con-
trolling factor of moisture movement. Throughout one year, the geo-
graphical distribution of precipitation does not match the heat dis-
tribution. The precipitation decreases after the main ﬂood season. The
local soil is red earth which has poor performance in water con-
servation. The soil moisture is controlled by evaporation. This leads to
considerable chance of seasonal drought occurrence.
2.2. Study methods
In this study, the monthly meteorological data of 1961–2013
recorded at 15 national meteorological stations (see Fig. 2 for the
distribution of the stations) in Jiangxi Province were provided by
the China Meteorological Science Data Sharing Service Network.
The Penman–Monteith equation (Monteith, 1963) was used to
compute ET0 and the Thiessen polygon method was employed to
compute ET0 of Jiangxi Province. Kriging interpolation, lineare River, between 24°29′–30°04′ north latitude and 113°34′–118°28′ east longitude,
Fig. 3. Isoclines of the annual average of ET0 in Jiangxi Province.
Fig. 2. The Thiessen polygons of meteorological stations in Jiangxi Province.
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spatial distribution, trend and mutation of ET0. The Penman–
Monteith equation was solved for the partial derivatives of the
independent variables. The total differential and the partial deri-
vative coefﬁcients of the independent variables were used to
quantitatively evaluate the cause of ET0 changes and the sensitivity
ET0 to the independent variables.
The FAO Penman–Monteith method to estimate ET0 can be
derived (Box1) (Allen, Pereira & Raes, 1998):
γ
γ
=
Δ( − ) + ( − )
Δ + ( + ) ( )
+ET
R G e e
u
0.408 u
1 0.34 1
T
0
n
900
273 2 s a
2
where
ET0 is the potential evapotranspiration (mm day1),
Rn net radiation at the crop surface (MJ m2 day1),
G soil heat ﬂux density (MJ m2 day1),
T mean daily air temperature at 2 m height (°C),
u2 wind speed at 2 m height (m s1),
es saturation vapor pressure (kPa),
ea actual vapor pressure (kPa),
esea saturation vapor pressure deﬁcit (kPa),
Δ slope vapor pressure curve (kPa °C1),
γ psychrometric constant (kPa °C1).
The potential evapotranspiration is intrinsically a function of
wind speed, average temperature, average high temperature,
average low temperature, sunshine duration and relative humid-
ity:
= ( ) ( )ET T T T v N RHf , , , , , 20 max min
where ET0 is the potential evapotranspiration (mm/d), T is the
annual average of temperature (°C), Tmax is the annual average of
high temperature (°C), Tmin is the annual average of low tem-
perature (°C), v is the annual average of wind speed (m/s), N is the
(daily average) sunshine duration, and RH is the annual average of
relative humidity (%).
Eq. (2) was solved for the partial derivatives of average tem-
perature, average high temperature, average low temperature,
wind speed, sunshine duration and relative humidity. Thefollowing partial differential equation was obtained:
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where each Δ is the change of corresponding meteorological
factor before and after mutation. The greater absolute value of the
contribution of a term in Eq. (3) means that the potential evapo-
transpiration is more sensitive to the meteorological factor, or is
more inﬂuenced by the latter.3. Results
3.1. The spatial variation of ET0 in Jiangxi Province
This paper compute the annual ET0 and the annual time series
of meteorological using the monthly meteorological data, and
using the Kolmogorov–Smirnov method (Kronland-Martinet,
Morlet & Grossmann, 1987), it was veriﬁed that the annual average
ET0 of the stations had a normal distribution (Fig. 3). The general
Kriging interpolation method was used to plot the annual average
of ET0 isoclines of Jiangxi Province. It can be seen that the annual
average of daily ET0 increased gradually from the northwest to the
southeast, ranging from 2.57 to 3.17 mm, with the maximum and
minimum values at Ganxian and Lushan stations, respectively.
3.2. The temporal variation of ET0 and the development of eva-
poration paradox
Linear regression method was used to analyze the trends of ET0
and air temperature based on their annual time series from 1961
to 2013 in Jiangxi Province. The correlation coefﬁcients of the re-
gression equations were tested at the signiﬁcance levels of 0.05
and 0.01 (corresponding threshold values of 0.26 and 0.34, re-
spectively for the correlation coefﬁcients) (Fig. 4). The gradient of
the linear ﬁttings of data was 0.0065 mm/yr. and 0.00176 °C/yr.
for the annual ET0 and temperature, respectively. The correlation
coefﬁcient was 0.42 and 0.59 for the annual ET0 and temperature,
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Table 1
Changing trends of potential evapotranspiration and air temperature in the national meteorological stations of Jiangxi Province.
Station Potential evapotranspiration Temperature Station Potential evapotranspiration Temperature
Slope Correlation coefﬁcient Slope Correlation coefﬁcient Slope Correlation coefﬁcient Slope Correlation coefﬁcient
Boyang 0.009 0.47** 0.019 0.56** Nancheng 0.003 0.17– 0.016 0.52**
Ganzhou 0.006 0.35** 0.010 0.39** Suichuan 0.001 0.04– 0.012 0.41**
Guangchang 0.009 0.50** 0.018 0.62** Xiushui 0.001 0.09– 0.013 0.49**
Ji’an 0.011 0.58** 0.017 0.54** Xunwu 0.007 0.39** 0.009 0.38**
Jingdezhen 0.007 0.41** 0.032 0.77** Yichun 0.009 0.56** 0.017 0.57**
Lushan 0.004 0.29* 0.020 0.60** Yushan 0.006 0.30* 0.018 0.56**
Nanchang 0.001 0.06– 0.023 0.64** Zhangshu 0.010 0.53** 0.028 0.68**
* and ** indicate signiﬁcant difference at Po0.05 and Po0.01, respectively. – indicates no clear trend.
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increase, respectively at the Po0.01 level. The Pettitt method was
used for mutation analysis at Po0.05 (Fig. 5). That the annual ET0
of Jiangxi Province had mutated since 1979. In a word, the annual
ET0 had been decreasing since 1979 whereas the air temperature
had been rising, leading to the evaporation paradox.
Linear regression was employed to analyze the changing trends
of ET0 and air temperature at the stations based on their annual
time series. The correlation coefﬁcients were tested for the sig-
niﬁcance levels at both the Po0.05 and Po0.01 levels (Table 1).
Table 1 shows that the annually average temperature in Jiangxi
Province decreased signiﬁcantly from the year 1961 to 2013. In
Nanchang station, Nancheng station, Suichuan station and Xiushui
station exhibits no clear trends during this period. In Lushanstation and Yushan station there is a decreasing trend, while in the
other stations the annual average of ET0 decreased signiﬁcantly. In
summary, there is disagreement between temperature increase
and changes in the annual average of ET0 in all the stations.
3.3. Cause analysis of the evaporation paradox in Jiangxi Province
3.3.1. Qualitative analysis of the cause for the evaporation paradox
Their conclusion is consistent with the analysis results in the
present study, indicating that the evaporation paradox also holds
in Jiangxi Province, which is similar to other places (Han, Wang &
Yang, 2010; McVicar et al., 2012). The cause of evaporation paradox
can be qualitatively investigated by analyzing the trends of relative
humidity (RH), average wind speed (v) and sunshine duration (N)
Table 2
The changing trends of relative humidity, wind speed and sunshine duration in Jiangxi Province.
Station Annual average relative humidity Annual average wind speed Annual average sunshine duration
Gradient of slope Correlation coefﬁcient Gradient of slope Correlation coefﬁcient Gradient of slope Correlation coefﬁcient
Boyang 0.080 0.41** 0.032 0.97** 0.022 0.65**
Ganzhou 0.080 0.39** 0.016 0.77** 0.013 0.43**
Guangchang 0.012 0.09– 0.013 0.90** 0.018 0.52**
Ji’an 0.020 0.14- 0.020 0.79** 0.020 0.62**
Jingdezhen 0.122 0.64** 0.019 0.75** 0.020 0.56**
Lushan 0.038 0.25– 0.043 0.94** 0.017 0.50**
Nanchang 0.099 0.47** 0.037 0.90** 0.002 0.06–
Nancheng 0.072 0.44** 0.017 0.71** 0.015 0.39**
Suichuan 0.048 0.29* 0.005 0.30* 0.004 0.15–
Xiushui 0.022 0.15– 0.006 0.58** 0.003 0.11–
Xunwu 0.016 0.12– 0.009 0.73** 0.013 0.39**
Yichun 0.010 0.08– 0.008 0.58** 0.021 0.65**
Yushan 0.054 0.28** 0.002 0.12– 0.020 0.58**
Zhangshu 0.145 0.61** 0.031 0.93** 0.023 0.66**
Jiangxi Province 0.045 0.35** 0.016 0.92** 0.014 0.51**
* and ** indicate signiﬁcant difference at Po0.05 and Po0.01, respectively. – indicates no clear trend.
Table 3
The partial derivatives of ET0 relative to the meteorological factors in Jiangxi Province.
Time
period
Time period-average mini-
mum temperature
Time period-average max-
imum temperature
Time period-average
relative humidity
Time period-aver-
age wind speed
Time period-average
sunshine duration
Time period-average
temperature
Jan. 0.012 0.018 0.020 0.094 0.180 0.016
Feb. 0.012 0.018 0.022 0.083 0.206 0.017
Mar. 0.012 0.019 0.026 0.084 0.261 0.020
Apr. 0.015 0.023 0.031 0.110 0.350 0.022
May 0.015 0.024 0.033 0.136 0.422 0.024
Jun. 0.015 0.022 0.034 0.135 0.456 0.023
Jul. 0.023 0.035 0.041 0.193 0.598 0.030
Aug. 0.019 0.030 0.037 0.183 0.584 0.030
Sep. 0.019 0.029 0.036 0.173 0.480 0.023
Oct. 0.018 0.030 0.031 0.185 0.379 0.019
Nov. 0.015 0.025 0.026 0.147 0.284 0.020
Dec. 0.013 0.022 0.021 0.123 0.216 0.020
Table 4
The contribution and contribution rate of meteorological factors to ΔET0 in Jiangxi Province.
Time period Time period-average
minimum temperature
Time period-average
maximum temperature
Time period-aver-
age relative
humidity
Time period-
average wind
speed
Time period-aver-
age sunshine
duration
Time period-average
minimum temperature
Time peri-
od sum
Jan. 0.012 0.007 0.051 0.046 0.191 0.006 0.28
Feb. 0.018 0.012 0.017 0.050 0.142 0.020 0.16
Mar. 0.006 0.006 0.000 0.046 0.199 0.002 0.24
Apr. 0.006 0.010 0.068 0.056 0.085 0.009 0.05
May 0.001 0.011 0.097 0.051 0.018 0.007 0.05
Jun. 0.010 0.015 0.067 0.026 0.109 0.015 0.03
Jul. 0.011 0.000 0.049 0.058 0.464 0.008 0.45
Aug. 0.005 0.020 0.056 0.054 0.880 0.006 1.01
Sep. 0.003 0.018 0.051 0.084 0.437 0.004 0.59
Oct. 0.008 0.017 0.077 0.101 0.010 0.010 0.02
Nov. 0.008 0.019 0.046 0.081 0.013 0.013 0.01
Dec. 0.003 0.010 0.062 0.067 0.044 0.007 0.06
Entire year 0.008 0.004 0.024 0.060 0.207 0.007 0.22
Contribution rate 3.4% 1.7% 10.8% 26.7% 92.3% 3.2% 100%
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these parameters. The correlation coefﬁcients of the regression
equations were tested for signiﬁcance levels at both Po0.05 and
Po0.01 (Table 2). It can be noted from Table 2 that the annual
average of relative humidity, the annual average of wind speed,
the annual average of sunshine duration in Jiangxi Province de-
creased dramatically. The annual average of relative humiditydisplayed decreasing trends in 57.1% of the stations and no clear
trend in the remainder, resulting in increased ET0. The annual
averages of wind speed and sunshine duration showed decreasing
trends in 92.8% and 7.2% of the stations, respectively, and they
appeared no clear trend in the rest of the stations, leading to de-
creased ET0. Therefore, the decreases in wind speed and sunshine
duration are the main meteorological causes to the decrease of ET0.
Table 5
Contribution rates of meteorological factors to ΔET0 in the meteorological stations.
Station Time period-average mini-
mum temperature
Time period-average max-
imum temperature
Time period-average
relative humidity
Time period-aver-
age wind speed
Time period-average
sunshine duration
Time period-average
temperature
Boyang 3.2% 0.2% 11.6% 28.2% 79.3% 1.8%
Ganzhou 1.7% 1.1% 11.6% 28.6% 52.6% 1.3%
Guangchang 2.3% 1.2% 1.1% 13.8% 71.2% 3.3%
Ji’an 2.8% 0.3% 2.8% 15.8% 71.9% 1.9%
Jingdezhen 6.0% 0.9% 27.0% 18.5% 108.2% 6.4%
Lushan 4.5% 10.0% 14.7% 26.8% 93.4% 4.0%
Nanchang 3.6% 2.5% 17.1% 49.2% 17.7% 2.6%
Nancheng 3.2% 1.7% 14.1% 11.9% 89.4% 1.7%
Suichuan 2.0% 1.8% 8.3% 1.1% 23.0% 1.9%
Xiushui 0.7% 0.9% 1.5% 12.6% 18.9% 2.6%
Xunwu 1.5% 0.3% 5.8% 14.9% 79.2% 2.4%
Yichun 2.2% 0.0% 2.7% 11.9% 94.5% 2.2%
Yushan 2.3% 2.0% 7.0% 6.2% 153.9% 2.5%
Zhangshu 3.0% 2.5% 24.0% 34.7% 98.3% 4.8%
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As indicated by the Penman–Monteith equation, the factors in-
ﬂuencing ET0 mainly include maximum temperature (Tmax), mini-
mum temperature (Tmin), average temperature (T), relative humidity
(RH), average wind speed (v), sunshine duration (N), and so on. The
change of any factor or interaction between multiple factors will
cause change in ET0. As interaction and inﬂuence between meteor-
ological factors are complicated, the monthly partial derivatives of
the meteorological factors (Table 3) were computed using the total
differential form (Eq. (3)) of ET0 based on the monthly meteorological
data before and after the mutation points in 1961–2013. In turn, the
contributions of the meteorological factors to the monthly and an-
nual ET0 variations were obtained for the period of 1979–2013 and
compared with those in 1961–1978 (Table 4). As can be seen from
Table 4, the sunshine duration and wind speed were the two major
meteorological factors causing the change of annual ET0 in Jiangxi
Province. The annual ET0 was decreased by 0.207 mm, or 92.3%, by
the sunshine duration, and it was lowered by 0.060 mm, or 26.7%, by
the wind speed. By computing the contributions of the meteor-
ological factors and the empirical frequency of the most contributing
factor, we found that the empirical frequencies of sunshine duration
and average wind speed were 66.7% and 25.0%, respectively. There-
fore, sunshine duration and wind speed were the major factors
causing the decrease of potential evapotranspiration. Similarly, the
monthly meteorological data in the stations were used to compute
the contributions of the meteorological factors to the monthly and
yearly ET0 changes in 1979–2013 compared to those in 1961–1978
(Table 5). By calculating the contributions of the meteorological
factors and the empirical frequency of the most inﬂuencing factor, we
found that the probability of sunshine duration and wind speed as
the factor contributing most to ET0 changes was 92.9% and 7.1%, re-
spectively. Therefore, it can be concluded that sunshine duration and
wind speed were the major factors causing ET0 to decrease in the
stations.4. Discussion
In this work, the contradiction between temperature rise and po-
tential evapotranspiration decrease was quantitatively analyzed. The
decrease of annual potential evapotranspiration and its distribution
within one year may cause increase or decrease in the actual eva-
poration. Therefore, further study can be carried out to analyze the
similarities and differences between actual evaporation and potential
evapotranspiration and the related causes.
The average temperature was calculated from the temperatures
measured in the meteorological stations, other than the simple sum ofthe maximum or minimum temperatures. It can be further explored
whether there is a clear relationship between the average temperature
and the maximum/minimum temperatures in order to simplify the
total differential equation of the potential evapotranspiration.5. Conclusions(1) The temperature in Jiangxi Province rose signiﬁcantly from
1961 to 2013, whereas the potential evapotranspiration had
been dramatically decreasing since 1979. The temperatures
collected from all the stations increased noticeably. The annual
averages of potential evapotranspiration in Nanchang, Nan-
cheng, Suichuan and Xiushui showed no clear trends whereas
those in the other stations decreased notably, presenting
evaporation paradox.
(2) The annual averages of wind speed, sunshine duration and
relative humidity in Jiangxi Province decreased signiﬁcantly.
The above three factors decreased in 92.8%, 78.6% and 57.1% of
the stations respectively. The declines in wind speed and
sunshine duration caused the decrease in potential evapo-
transpiration, whereas the decrease in annual average of re-
lative humidity resulted in the increase in potential evapo-
transpiration. The reductions in wind speed and sunshine
duration were the major meteorological causes of the decrease
in ET0.
(3) The monthly partial derivatives, the contributions and its rates
(the years 1979–2013 with respect to 1961–1978) of the me-
teorological factors were calculated using the total differential
forms computed from potential evapotranspiration. The sun-
shine duration and wind speed contributed most to the de-
crease in potential evapotranspiration in Jiangxi Province, with
contribution rates of 92.3% and 26.7%, respectively. The prob-
abilities of sunshine duration and wind speed as the factor
with the highest contributing rate were 92.9% and 7.1%, re-
spectively. It can be deduced that the sunshine duration and
wind speed were the major factors causing ET0 decrease in the
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